show that the plutonium present within the crystals is predominantly characterized by an oxidation state of IV. A small amount of Pu(III) is also present initially, but slowly oxidized to Pu(IV) via interaction with oxygen in the air. X-ray absorption near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectroscopic measurements confirm that plutonium is mainly present as a form 2 similar to PuO 2 in the void spaces between the borate chains. K[B 5 O 7 (OH) 2 ]·H 2 O:Pu 4+ provides a novel mechanism for incorporating heavy metal contaminants, including actinides, into natural materials.
Introduction
Nuclear weapon testing and plutonium production during the cold war, and recent events such as the catastrophe at the Fukushima Daiichi nuclear plant in Japan, resulted in the contamination of large areas of oceans, ground-water, soils, and sediments by actinides, such as uranium and plutonium, along with their fission and decay products. Thus, possible migration of actinides within contaminated sites becomes an important environmental concern (1-3). Generally, the incorporation of actinides into natural materials retards their migrations in the environment. Knowledge of the incorporation mechanisms of actinides into different types of natural materials is therefore required both for predicting the migration of radionuclides at the repositories and at contaminated sites, and for designing/manufacturing of suitable radioactive waste forms (4-6).
During the last two decades, significant efforts have been made to better understand the incorporation of early actinide elements (namely Th, U, Np, and Pu) into a variety of mineral phases, such as calcite (7) (8) (9) (10) (11) (12) (13) (14) (15) , zircon (4, [16] [17] , monazite (4, [17] [18] , zirconolite (4, [18] [19] [20] [21] [22] , perovskite (4, 22) , garnet (4), pyrochlore (4, [23] [24] [25] , brucite (26) , and several other systems (27) (28) (29) (30) . Particularly for transuranium elements (Np and Pu), it was determined that these can also be incorporated into a series of uranium-or thorium-based minerals such as brannerite (4), ianthinite (31) , schoephite, becquerelite, compreignacite, and boltwoodite (32) or even synthetic phases such as Th 2-x/2 An IV x/2 (PO 4 ) 2 (HPO 4 )·H 2 O (An = U, Np, Pu) (33) , ThSiO 4 (34) , and Ba 3 (UO 2 ) 2 (HPO 4 ) 2 (PO 4 ) 2 (35) . The majority of studies focused on examining incorporation mechanisms indicate the presence of a suitable crystallographic site in the lattice for actinide units to reside in the incorporated materials; i.e. the actinide units substitute into lattice sites that are occupied by other cations that have similar crystal chemistry. This commonly occurring mechanism is termed "substitutional incorporation." For example, numerous studies indicate that trace amounts of uranium, present as both U(VI) and U(IV), can be incorporated into natural calcite (7) (8) (9) (10) (11) (12) (13) (14) . U(IV) was found to have a stable location on the sites of divalent calcium (7), while U(VI) occupies mainly calcium sites along with other possible defects or disordered sites (8) (9) . For cases of plutonium incorporation, Pu(IV) substitutes into calcium sites in zirconolites (19) , and Pu(III) can enter the structure of monazite in the position of La(III) (18) . Furthermore, Pu(VI) can readily occur in many structures containing U(VI) by substituting onto the U(VI) sites (31) (32) . In light of all these observations, one could conclude that the high level incorporation of actinides requires suitable crystallographic sites in the lattice of materials.
We have recently undertaken a study involving the preparation, structural elucidation, and physicochemical property measurements of actinide borates (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . In an attempt to prepare a plutonium(IV) borate compound, a potassium borate that is doped with Pu(IV) was discovered. This compound, with a formula of K[B 5 O 7 (OH) 2 ]·H 2 O, contains no suitable lattice sites for the plutonium substitution.
However, it was determined that high levels of Pu(IV) are capable of entering the structure of K[B 5 O 7 (OH) 2 ]·H 2 O with an atomic ratio K:Pu around 65:1, as measured by LA-ICP-MS. We have used both single crystal X-ray diffraction, X-ray absorption near-edge structure (XANES), and extended Xray absorption fine structure (EXAFS) to demonstrate that Pu(IV) can enter the void spaces between the neighboring borate chains while removing some lattice potassium to maintain charge-balance.
Interstitial incorporation suggests a novel approach for understanding how actinides can enter natural materials, although the interstitial incorporation mechanism was found in a few other, non-actinidebearing systems (48) (49) (50) . In this paper, we will describe both the synthesis and characterizations of and KBO 2 (7.8 mg) was then added directly to the droplet containing Pu(III). The mixture was then sealed in an autoclave and heated at 200 ºC for three days followed by slow cooling to room temperature over a period of two days. The autoclave was then opened and boiling water was added to dissolve the excess boric acid. The wash solution was almost colorless which indicates that an insignificant amount of Pu was released upon washing. Plutonium in solution was noted detected by UV-vis spectroscopy. Krytox oil and optically aligned on a Bruker APEXII Quazar X-ray diffractometer using a digital camera. Initial intensity measurements were performed using a IμS X-ray source, a 30 W microfocused with a sample (dwell) time of 0.01 second with 20 samples per ion signal peak. Analyses were conducted in medium mass resolution mode (Resolution = Mass/Peak Width ~4,000) in order to eliminate possible spectral interferences. The ablated particles were transported from the ablation cell to the ICP-MS instrument using He carrier gas at a flow rate of 0.7 L/min. Crystals were ablated using a range of spot sizes between 40 and 55 μm, repetition rate of 2 Hz and 70% power output corresponding to an energy density of 12-15 J/cm 2 . Using these ablation conditions, the depth of penetration of the laser is between 5 and 15 microns (52-53).
Scanning electron microscopy and energy dispersive spectrometer (SEM/EDS) analysis.
SEM/EDS images and data were collected using a LEO EVO the Pu L III edge on beamline 11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL) using a Si(220) double monochromator (ϕ= 0̊ ) detuned by 50% to avoid unwanted harmonics. Data were collected in fluorescence mode using a multi-element Ge detector and corrected for dead time. The data were also corrected for self-absorption (54) assuming 5% of the K atoms are replaced by Pu. The EXAFS data were reduced and fit in r-space (55) using standard procedures (56) using the RSXAP analysis suite (http://lise.lbl.gov/RSXAP). The XANES data are shown in Figure 5 and both the EXAFS data and fit are shown in Figure 6 . EXAFS fits utilize scattering amplitudes and phases calculated with the FEFF8.1 code (A. (Table 1 ). An approximate 3.2% defect was shown on K1 sites based on the site occupancy factor refinement. More importantly, the substitutional disorder refinement on K1 sites based on both K and Pu atoms fails to give a reasonable second free variable for occupancy determination. Together, these facts indicate that the doping Pu atoms are not occupying the K sites. This conclusion is reasonable from the point of view that there are large differences between Pu(IV) and K + in both coordination geometries and ionic radius (59) . Thus, the doping by Pu(IV) is only possible by allowing it to reside in the void spaces between the neighboring double borate chains ( Figure 2b ). As a consequence of Pu(IV) entering the structure, some of the K + cations are lost in order to maintain charge-balance, which results in the 3.2% defects on the K sites. The EXAFS data in Figure 6 are also quite similar to that expected from PuO 2 (not shown in the figure), although the Pu-Pu peak at ~ 3.7 Å in the spectra (corresponding to a Pu-Pu distance of about 3.8 Å) is actually less than half the expected amplitude. The fit results listed in Table 2 The fit shown in (b) is between 1.8 and 3.9 Å. Fit results are summarized in Table 2 . (64) . The amplitude reduction factor for these fits is determined to be S 0 2 = 1.14  0.14 and the edge shift is E 0 = -11.0  0.9 eV. should be considered for new waste form designs in addition to the current choices in debate such as perovskite, pyrochlore, zirconolite, zircon, monazite, and garnet, which are all based on the mechanism of lattice substitution (4-6). For example, zeolites contain numerous types of void spaces that can be used for selectively trapping actinides of certain size and charge (68) (69) . In the near future, we will investigate this hypothesis along with other low-dimensional borate materials.
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